The crystal structures of 1-hydroxyimidazole and four protic salts (chloride, bromide, sulfate, nitrate) thereof were determined. The molecular geometries (bond lengths and angles) of the free base and the salts were compared. Hydrogen bonding patterns were studied, and OH … N, OH … Cl, OH … Br, OH … O, NH … Cl, NH … Br, and NH … O interactions were identified. Hirshfeld surface analysis gave quantitative insight into these interactions.
Introduction
Synthetic routes to 1-hydroxyimidazoles include cyclization of linear precursor molecules, condensation of small fragments, oxidation of imidazole, and partial reduction of 1,3-dihydroxy-imidazolium salts. Early reports on the preparation of 2,4,5-trisubstituted 1-hydroxyimidazoles [1] [2] [3] showed considerable uncertainty about the constitution of the product (an epoxide structure was assumed). Then, an unambiguous synthesis of 4,5-disubstituted 1-hydroxyimidazoles has been described [4] . Several attempts have been made to prepare the interesting and simple title compound, 1-hydroxyimidazole. The first attempts ended up with benzyloxy or imidazolinone derivatives, stopping just short of the desired target [5, 6] . Considerable time has now passed by since the first practical synthesis of 1-hydroxyimidazole has been reported, involving selective hydrogenation of 1,3-dihydroxyimidazolium chloride [7] . Other syntheses of this compound have been published in the meantime. Oxidation of imidazole gave only very low yields (using peroxyphthalic acid [8] or 3-chloroperoxybenzoic acid [9, 10] ). A better strategy involved mono-benzylation of 1-hydroxyimidazole-3-oxide, followed by deoxygenation using phosphorus trichloride and hydrogenolytic debenzylation [10] . Thus, several synthetic methods are now available, and the subsequent preparation of derivatives has been disclosed [10] [11] [12] [13] [14] [15] [16] . The effects of hetero-atom substituents from the second and third row of the periodic table at the nitrogen atom of imidazole have been studied by theoretical methods [17] . However, no experimental details of the molecular geometry of 1-hydroxyimidazole or its salts have yet been reported.
Results and Discussion
Here we present the crystal structures of the title compound and four of its salts. The hydrochloride [8, 10, 14] and hydrobromide [9] of 1-hydroxyimidazole are known, but no crystal structure has been reported. We determined the structures of these known compounds and the new salts, sulfate and nitrate. The salts were obtained either by metathesis or by proton transfer. Crystal data and refinement details are summarized in Table 1 . Hydrogen bond parameters are collected in Table 2 . h, k, l range Table 2 . Hydrogen bond parameters (Å,°).
When the molecular geometries of the imidazole rings in the free base and the protic salts are compared, two points immediately become apparent. The bond lengths in the heterocyclic system do not change significantly upon protonation, but the angles do (Figure 1) . Thus, the angles at the nitrogen atoms (C1-N1-C3 and C1-N2-C2; for numbering see Figure 2a ) are increased in the protonated imidazolium molecules by 1.7° and 3.4° (average values), respectively. In contrast, the mean angles N1-C1-N2 and N2-C2-C3 are decreased by 3.2° and 2.2°, respectively. This situation was predicted by theoretical calculations [18] . The angle N1-C3-C2, however, does not change significantly. (a) (b)
1-Hydroxyimidazole (1)
The molecular structure is shown in Figure 2a . The heterocyclic molecules are arranged in chains by O-H … N hydrogen bonds in the [0 0 1] direction (Figure 2b) . Additional C1-H … O1 contacts create a three-dimensional network. Due to the lack of heavy atoms a meaningless Flack parameter of 0.43(40) was obtained, and the absolute structure of the chiral crystal was not determined.
1-Hydroxyimidazole Hydrochloride (2)
The ions in this structure exhibit O-H … Cl 
1-Hydroxyimidazole Hydrobromide (3)
As expected, the structures of the hydrobromide and the hydrochloride are isomorphic, and the ions form O-H … Br 
Bis(1-hydroxyimidazolium) Sulfate (4)
Two independent cations are observed in this structure. The sulfate ion is disordered showing split positions for two of its four oxygen atoms. Interionic O-H … O and N-H … O hydrogen bonds are displayed in Figure 4a . In another view, the cyclic arrangement of two cations plus two anions can be seen (Figure 4b ). 
1-Hydroxyimidazolium Nitrate (5)
Interionic O-H … O and N-H … O hydrogen bonds are observed in this crystal structure ( Figure 5 ). These interactions form infinite chains which propagate in the direction of the crystallographic c axis. 
Hirshfeld Surface Analysis
Electrostatic potential mapped on the Hirshfeld surface [19] clearly shows the positions of close intermolecular contacts in 1-hydroxyimidazole (1) (Figure 6a Figure 6b,c (reciprocal interactions included) . The upper spike corresponds to the hydrogen-bond donor. The fingerprint plots for the cations of the salts are quite different from those observed for the molecular crystal of 1. The unidirectional hydrogen-bond donation to the anion is highlighted in these plots, the full fingerprint appears as a gray shadow (Figure 7 ). In the sulfate the hydrogen-bond spike is broadened because of the presence of several H ... O interactions. The quantitative results of the Hirshfeld surface analysis are presented in Table 3 . 
Experimental Section

1-Hydroxyimidazole (1)
1-Hydroxyimidazole (1) [45376-79-2] was synthesized as described [7] . Single crystals were obtained from anhydrous acetone under an argon atmosphere. For m.p., H and C NMR data, see [7, 10] . IR (neat): 3119, 1509, 1258, 1013, 832, 734, 651, 600 cm −1 .
1-Hydroxyimidazole Hydrochloride (2)
The hydrochloride (2) [134561-81-2] was synthesized as described [7] and crystallized from hot anhydrous 2-propanol under an argon atmosphere, m.p. 118 °C. For H and C NMR data, see [8, 10] 
1-Hydroxyimidazole Hydrobromide (3)
The hydrobromide (3) [164260-93-9] was prepared from 1-hydroxyimidazole (1, 25 mg) and 48% hydrobromic acid (42 μL). The mixture was dried over phosphorus pentoxide and crystallized from hot anhydrous 2-propanol under an argon atmosphere, m.p. 121 °C (119-122 °C [9] 
Crystal Structure Determination
Intensity data were recorded by ω scans with an Oxford Diffraction Gemini-R Ultra diffractometer using Cu-Kα radiation (for 1 and 5) or Mo-Kα radiation (for 2, 3, and 4) at T = 173(2) K. Absorption corrections were applied in all cases (multi-scan). Experimental details are summarized in Table 1 .
Structure solution and refinement was performed with the programs SIR2002 (direct methods) [20] and SHELXL-97 [21] . Visualization of the structures and measurements of distances and angles was performed with the program Mercury [22] . CCDC reference numbers: 899476-899480.
Conclusions
The crystal structures of 1-hydroxyimidazole and some of its salts presented herein fill a hole which has been open for a long time. The disregard of these fundamental compounds is astounding given the existence of facile, straightforward synthetic routes for their preparation. This situation may be attributed to their hygroscopic nature which severely impedes crystallization of such polar compounds but can be overcome by appropriate techniques.
